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ACOUSTO-OPTIC BEAM STEERING
DEVICE, AND METHODS OF MAKING AND
USING THE SAME

CROSS-REFERENCES TO RELATED
APPLICATIONS

This application 1s a National Stage of co-pending Inter-
national Patent Application No. PCT/US2020/027621, filed
Apr. 10, 2020, which claims the benefit of U.S. Provisional
Patent Application No. 62/832,528, filed on Apr. 11, 2019,
now expired, the contents of each of which are incorporated
herein by reference in their entirety.

STATEMENT OF GOVERNMENT LICENS
RIGHTS

L1

This invention was made with government support under
Grant Nos. 1307601 and 1641109, awarded by the National
Science Foundation. The government has certain rights 1n
the 1nvention.

BACKGROUND

Optical beam steering, also known as beam scanning, or
beam detlection, refers to controlling the propagation of
optical beams into desired directions. It has been the focus
ol extensive research and development (R&D) efforts both
in academia and industry since the 1970s. Beam steering
devices have found a wide spectrum of scientific, industrial,
commercial and military applications, including fluores-
cence microscopy, optical storage, laser printers, display,
sensing and laser material processing. Recently, the explo-
sive development of Internet of Things (IoT), especially
autonomous vehicles and drones, has spurred enormous and
fast-growing demands for Light Detection and Ranging
(LIDAR) and free-space optical (FSO) communications,
which are important enabling technologies for IoT. Tremen-
dous R&D opportumities and market for beam steering
devices have emerged.

LIDAR 1s widely used on autonomous vehicles and
drones to detect stationary or moving objects for avoidance
or tracking. The basic operation principle of LIDAR, as
shown 1n FIG. 1, 1s to emit an optical pulse and detect the
returning pulse reflected from the objects. The distance to
the detected object can be calculated from the time delay
between the emission and the detection of the optical pulse.
This 1s termed a time of flight (TOF) method. The laser beam
1s also scanned rapidly to resolve the shape of the object 1n
order to determine its type, such as a pedestrian, a tree, or a
moving vehicle. Therefore, important to the LIDAR opera-
tion 1s the capability to steer the optical beam with a high
velocity, a high angular resolution, and a large angle range.
(In the context of LIDAR, “angle range” 1s known as “field
of view”, or FOV.) By the same token, eflicient, secure, and
reliable FSO communications between fast-moving autono-
mous vehicles and drones, or other moving objects that
require communication, also entail similar beam steering
capabilities. In addition, low power consumption, small
form factor and low manufacturing cost are always desirable
for any beam steering devices.

There are myriad existing solutions for beam steering,
which generally fall into four categories, namely, mechani-
cal, electro-optic (EQO), acousto-optic (AO) and thermo-
optic (TO) beam steering. The pros and cons of various
solutions have been compared 1in great details 1 review
papers. Here, we only provide very general mtroductions of
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and comparisons between selected solutions. Generally,
mechanical beam steering 1s a straightforward and matured

technology, featuring a very large angle range, a high
angular resolution, but very low velocity and large form
factors. Beam steering based on Micro-Electromechanical
Systems (MEMS), which are mimiaturized, microscale
mechanical devices, features significantly improved velocity
and reduced form factors. However, MEMS beam steering 1s
still quite slow compared with other solutions, due to its
mechanical nature. In contrast, beam steering based on EO
and AO eflects, free from any mechanical moving parts,
teature very high velocity, with the fastest solution being AO
based. However, conventional EO and AO beam steering
generally sufler from a small angle range. One exception of
the EO beam steering 1s that based on liquid crystals (LCs).
Compared with other FO solutions, EO LC can achieve a
much larger angle range, meanwhile suflers from a much

lower velocity. The performance of TO beam steering is
generally comparable to that of EO LC and MEMS. Fur-

thermore, EO, (including EO LC) AO and TO solutions
naturally provide random-access capabilities, or point-and-
hold capabilities, which are important for continuous and
simultaneous multiple-object tracking, while mechanical
and MEMS solutions generally operate in the raster-scan
mode to achieve the highest possible steering velocity.
Randome-access operation for mechanical and MEMS solu-
tions entails severe penalties on the steering speed due to
component nertia.

BRIEF SUMMARY

To address these and other related challenges, the present
disclosure provides acousto-optic devices and related meth-
ods of use and making the same.

Accordingly, 1n an aspect, the present disclosure provides
an acousto-optic device comprising a first acousto-optic
layer, a light source, and a first acoustic source. In an
embodiment, the first acousto-optic layer has a substantially
planar shape defining an x-y plane. In an embodiment, the
first acousto-optic layer functions as an optical waveguide to
optical waves propagating 1n the x-y plane. In an embodi-
ment, the first acousto-optic layer functions as an acoustic
waveguide to acoustic waves propagating in the x-y plane.
In an embodiment, the light source 1s optically coupled to
the first acousto-optic layer and configured to deliver light
into the first acousto-optic layer propagating in the x-y
plane. In an embodiment, the first acoustic source 1s acous-
tically coupled to the first acousto-optic layer and configured
to deliver a first acoustic energy into the first acousto-optic
layer propagating in the x-y plane. In an embodiment, the
first acoustic source 1s configured to adjust a wavelength of
the first acoustic energy. In an embodiment, the light source
and the first acoustic source are positioned to provide an
intersection between the light and the first acoustic energy.
In an embodiment, the light at least partially scatters from
the 1ntersection out of the x-y plane.

In some cases, the first acousto-optic layer has an asym-
metry about the x-y plane. In an embodiment, the first
acousto-optic layer has a front face and a back face both
oriented within the x-y plane. In an embodiment, the light
emerging from the front face 1s 1n an amount that 1s at least
1% greater than the amount emerging from the back face due
to the asymmetry of the first acousto-optic layer.

In another aspect, the present disclosure provides an
acousto-optic device comprising a first acousto-optic layer,
a non-visible electromagnetic radiation source, and a first
acoustic source. In an embodiment, the first acousto-optic
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layer has a substantially planar shape defining an x-y plane.
In an embodiment, the first acousto-optic layer functions as
an optical waveguide to non-visible optical waves propa-
gating 1n the x-y plane. In an embodiment, the first acousto-
optic layer functions as an acoustic waveguide to acoustic
waves propagating in the x-y plane. In an embodiment, the
non-visible electromagnetic radiation source i1s optically
coupled to the first acousto-optic layer and configured to
deliver non-visible electromagnetic radiation into the first
acousto-optic layer propagating in the x-y plane. In an
embodiment, the first acoustic source 1s acoustically coupled
to the first acousto-optic layer and configured to deliver a
first acoustic energy into the first acousto-optic layer propa-
gating 1n the x-y plane. In an embodiment, the first acoustic
source 1s configured to adjust a wavelength of the first
acoustic energy. In an embodiment, the non-visible electro-
magnetic radiation source and the first acoustic energy
source are positioned to provide an intersection between the
non-visible electromagnetic radiation and the first acoustic
energy. In an embodiment, the non-visible electromagnetic
radiation at least partially scatters from the intersection out
of the x-y plane.

In another aspect, the present disclosure provides method
of using an acousto-optic device. In an embodiment, the
acousto-optic device 1s according to any embodiment of the
present disclosure. In an embodiment, the method comprises
directing light from a light source of the acousto-optic
device and first acoustic energy from a first acoustic energy
source of the acousto-optic device to intersection, thereby
initiating scattering of the light causing at least a portion of
the light to emerge from the front face. In an embodiment,
the light 1s non-visible light. In an embodiment, the light 1s
visible light.

In another aspect, the present disclosure provides a
method of making an acousto-optic device according to an
embodiment of the disclosure. In an embodiment, the
method comprises fabricating and/or assembling compo-
nents of the acousto-optic device and arranging them in the
fashion described further herein.

BRIEF DESCRIPTION OF TH.

(L]

DRAWINGS

FIG. 1 1s a schematic representation of Light Detection
and Ranging (LIDAR) 1n use 1n detecting a distance of an
object;

FIG. 2A 1s a schematic representation of a device, in
accordance with an embodiment of the disclosure;

FIG. 2B 1s a vector representation of physics associated
with the device of FIG. 2A, in accordance with an embodi-
ment of the disclosure;

FIG. 3A 1s a schematic representation of another device,
in accordance with an embodiment of the disclosure;

FIG. 3B 1s a vector representation ol physics associated
with the device of FIG. 3 A, 1n accordance with an embodi-
ment of the disclosure;

FIG. 4 A 1s perspective view of a schematic representation
of a device, in accordance with an embodiment of the
disclosure:

FIG. 4B 1s an optical microscope 1mage showing a
top-down plan view of a device according to the embodi-
ment of FIG. 4A: and

FIG. 4C 1s a scanning electron microscope (SEM) image
(bottom left) of a device according to the embodiment of
FIG. 4 A with magnified views of portions of the device (top
left, top right, bottom right).
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DETAILED DESCRIPTION

The present disclosure provides acousto-optic (AO)
devices and related methods of use. The AO devices of the
present disclosure provide many advantages over conven-
tional beam steering devices.

In certain embodiments, the acousto-optic devices of the
present disclosure have the fast velocity of the existing AO
solutions, and further feature significantly increased angle
range and angular resolution over conventional devices.
Additionally, the AO devices of the present disclosure have
relatively low power consumption, small form factor, and
moderate manufacturing cost, which are a combination that
has not been achieved with existing solutions.

Additionally, 1n certain embodiments, the AO devices of
the present disclosure are configured to direct acoustic
waves and directly scatter and steer optical waves into free
space, 1nstead of doing so 1n a plane of the AO device and
coupling the optical beam into free space via conventional
coupler technologies as 1n conventional solutions. In some
embodiments, the emitted beam 1s well collimated, which
climinates the need for additional lenses.

As described further herein, 1n some embodiments, the
AQO device of the present disclosure includes a suspended
thin membrane, such that Brillouin scattering 1s enhanced
for low-power-consumption AQO operation.

In an embodiment, the AO devices of the present disclo-
sure nclude a stack of membranes of different materials.
Such AO devices including stacks of, for example, alternat-
ing, different materials, are suitable for fine-tuning and
enhancing device performance.

Betore the present invention 1s described 1n further detail,
it 1s to be understood that the invention 1s not limited to the
particular embodiments described. It 1s also to be understood
that the terminology used herein i1s for the purpose of
describing particular embodiments only, and 1s not intended
to be limiting. The scope of the present invention will be
limited only by the claims. As used herein, the singular
forms ““a”, “an”, and “the” include plural embodiments
unless the context clearly dictates otherwise.

It should be apparent to those skilled 1n the art that many
additional modifications beside those already described are
possible without departing from the inventive concepts. In
interpreting this disclosure, all terms should be interpreted 1n
the broadest possible manner consistent with the context.
Variations of the term “comprising”, “including”, or “hav-
ing”” should be interpreted as referring to elements, compo-
nents, or steps 1n a non-exclusive manner, so the referenced
clements, components, or steps may be combined with other
clements, components, or steps that are not expressly refer-
enced. Embodiments referenced as “comprising”, “includ-
ing”’, or “having” certain elements are also contemplated as
“consisting essentially of” and “consisting of” those ele-
ments, unless the context clearly dictates otherwise. It
should be appreciated that aspects of the disclosure that are
described with respect to a system are applicable to the
methods, and vice versa, unless the context explicitly dic-
tates otherwise.

Numeric ranges disclosed herein are inclusive of their
endpoints. For example, a numeric range of between 1 and
10 includes the values 1 and 10. When a series ol numeric
ranges are disclosed for a given value, the present disclosure
expressly contemplates ranges including all combinations of
the upper and lower bounds of those ranges. For example, a
numeric range ol between 1 and 10 or between 2 and 9 1s
intended to include the numeric ranges of between 1 and 9

and between 2 and 10.
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As used heremn, the terms “‘component,” “system,”
“device” and the like are intended to refer to either hard-
ware, a combination of hardware and software, software, or
soltware 1n execution. The word “exemplary” 1s used herein
to mean serving as an example, instance, or illustration. Any
aspect or design described herein as “exemplary” 1s not
necessarilly to be construed as preferred or advantageous
over other aspects or designs.

Furthermore, the disclosed subject matter may be imple-
mented as a system, method, apparatus, or article of manu-
facture using standard programming and/or engineering
techniques and/or programming to produce hardware, firm-
ware, soltware, or any combination thereof to control an
clectronic based device to mmplement aspects detailed
herein.

Unless specified or limited otherwise, the terms “con-
nected,” and “coupled” and vanations thereol are used
broadly and encompass both direct and indirect mountings,
connections, supports, and couplings. Further, “connected”
and “coupled” are not restricted to physical or mechanical
connections or couplings. As used herein, unless expressly
stated otherwise, “connected” means that one element/fea-
ture 1s directly or indirectly connected to another element/
feature, and not necessarily electrically or mechanically.
Likewise, unless expressly stated otherwise, “coupled”
means that one element/feature 1s directly or indirectly
coupled to another element/feature, and not necessarily
clectrically or mechanically.

As used herein, the term “processor” may include one or
more processors and memories and/or one or more program-
mable hardware elements. As used herein, the term “pro-
cessor’ 1s 1ntended to include any of types ol processors,
CPUs, microcontrollers, digital signal processors, or other
devices capable of executing software instructions.

As used herein, the term “memory” includes a non-
volatile medium, e.g., a magnetic media or hard disk, optical
storage, or flash memory; a volatile medium, such as system
memory, e.g., random access memory (RAM) such as
DRAM, SRAM, EDO RAM, RAMBUS RAM, DR DRAM,
etc.; or an installation medium, such as software media, e.g.,
a CD-ROM, or floppy disks, on which programs may be
stored and/or data communications may be bullered. The
term “memory” may also include other types of memory or
combinations thereof.

Devices

In one aspect, the present disclosure provides an acousto-
optic device. The acousto-optic device can include a first
acousto-optic layer, a light source, and a {first acoustic
source.

The first acousto-optic layer can have a substantially
planar shape defining an x-y plane. The first acousto-optic
layer can function as an optical waveguide to optical waves
propagating in the x-y plane. The first acousto-optical layer
can function as an acoustic waveguide to acoustic waves
propagating in the x-y plane. The first acousto-optic layer
can have an asymmetry about the x-y plane. The first
acousto-optic layer can have a front face and a back face,
both oniented within the x-y plane.

The first acousto-optic layer can have a thickness of
between 1 nanometer and 10 micrometers. The first acousto-
optic layer can be suspended. The first acousto-optic layer
can be aflixed to a substrate via the back face. The substrate
can be thermally conductive. The substrate can be non-
reflective.

In some cases, the first acousto-optic layer can include at
least two stacked layers. The at least two stacked layers can
have a first layer of a first acousto-optic material and a
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second layer of a second acousto-optic material. The first
and second acousto-optic materials can be different. The first
or second acousto-optic material can be selected from the
group consisting of lithium niobate, aluminum nitride, zinc
oxide, silicon, and silicon dioxide. Each of the at least two
stacked layers can have a thickness of between 1 nanometer
and 1 micrometer. In certain cases, the at least two stacked
layers can include a plurality of alternating stacked layers
alternating between the first acousto-optic material and the
second acousto-optic material.

The light source can be optically coupled to the first
acousto-optic layer. The light source can be configured to
deliver light 1nto the first acousto-optic layer propagating in
the x-y plane. The light source can be a laser diode.

The first acoustic source can be acoustically coupled to
the first acousto-optic layer. The first acoustic source can be
configured to deliver a first acoustic energy into the first
acousto-optic layer propagating 1n the x-y plane. The first
acoustic source can be configured to adjust the wavelength
of the first acoustic energy. The {irst acoustic source can be
configured and positioned to provide wavelengths and
propagation directions suilicient to satisty the phase-match-
ing condition of acousto-optic Brillouin scattering, thereby
scattering the light out of the x-y plane.

The light source and the first acoustic source can be
positioned to provide an intersection between the light and
the first acoustic energy. The light can be at least partially
scattered from the intersection out of the x-y plane (1.e.,
having at least some component 1n the z-direction).

The acousto-optic device can optionally include a second
acoustic source. One example of an acousto-optic device
having only one acoustic source 1s shown in FIG. 2A and one
example of an acousto-optic device having two acoustic
sources 1s shown 1n FIG. 3A. The first and second acoustic
sources can be configured and positioned to provide wave-
lengths and propagation directions suflicient to satisiy the
phase-matching condition of acousto-optic Brillouin scat-
tering, thereby scattering the light out of the x-y plane.

The second acoustic source can be positioned to deliver
the second acoustic energy to the intersection, thereby
providing the intersection between the light, the first acous-
tic energy, and the second acoustic energy.

The first and/or second acoustic source can be integrated
into the first acousto-optic layer. The first and/or second
acoustic source can comprise interdigital transducers dis-
posed on a piezoelectric membrane. In cases where the first
and/or second acoustic source 1s tegrated into the first
acousto-optic layer, the piezoelectric membrane can be the
first acousto-optic layer. The first and/or second acoustic
source can include an edge retlector. The edge retlector can
be positioned to reflect a portion of the first and/or second
acoustic energy from initially traveling away from the
intersection to traveling toward the intersection.

An angle of emission of the light from the front face can
be adjustable by tuning the wavelength of the first acoustic
energy and/or the second acoustic energy.

The device can further include a lens configured to
substantially collimate the light. The lens can be integrated
into the first acousto-optic layer.

The acousto-optic devices described herein can have a
preferential emission via the front face relative to the back
face. This 1s one aspect of the devices of the present
disclosure that distinguishes these devices from previous
cllorts and allows for directional delivery of the light
described elsewhere herein without requiring reflection of
light emitted from the back face. Such reflection of light
emitted from a back face can negatively impact retention of
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phase information in the emitted light. The light emerging
from the front face can be 1n an amount that 1s at least 1%
greater than an amount emerging from the back face due to
the asymmetry of the first acousto-optic layer, including but
not limited to, an amount that 1s at least 50% greater, at least
100% greater, at least 500% greater, or at least 1000%
greater than the amount emerging from the back face.

The light and acoustic sources can have various control-
lers that are typically associated with control of the output
light and acoustic energy, as would be understood by those
having ordinary skill in the optical and acoustic arts. The
devices described herein, or broader systems that include the
devices, can include a computer, processor, and/or memory
having the ability to interface with the light and acoustic
controllers to achieve the eflects described herein, as would
be understood by those having ordinary skill i the elec-
tronic device arts.

The present disclosure inherits the fast velocity of the
existing AO solutions, and features sigmificantly increased
angle range and angular resolution, and simultaneously, low
power consumption, small form factor and moderate manu-
facturing cost, which are a combination that has not been
achieved with existing solutions.

As discussed further herein with respect to devices 200,
300, and 400 and FIGS. 2A, 2B, 3A, 3B, 4A-4C, the present
disclosure provides an integrated acousto-optic (AO) device
that 1s capable of emitting an optical beam ito free space
and steering 1ts direction 1n one and/or two dimensions (1D
or 2D). In an embodiment, such devices comprise a thin
membrane, or a stack of thin membranes, such as of
nanoscale thickness, that are capable of guiding both the
optical and acoustic waves propagating in the plane of the
device. The membrane(s) can be suspended, or on a sub-
strate for mechanical support and heat sink. The membrane
can be made of piezoelectric matenals, or a layer 1n the stack
of the membrane can be made of piezoelectric material. The
wavelengths and the propagation directions of the acoustic
waves are engineered to satisiy the phase-matching condi-
tion of acousto-optic Brillouin scattering, such that the
optical waves are scattered out of the plane of the device by
the acoustic wave and emitted into free space. (“Brillouin
scattering” refers to the scattering of optical waves by
acoustic waves via the acousto-optic effect.) The emission
direction can be steered by tuning the wavelengths or
frequency, as well as the propagation directions, of the
acoustic waves. Especially, we have proposed several device
configurations, shown 1n FIGS. 2A, 3A, and 4A-4C, which
can steer the optical emission direction 1n 1D and/or 2D, by
tuning the wavelength of one and/or two acoustic waves,
respectively, such as without tuning their propagation direc-
tions.

The excitation and tuning of the guided optical and
acoustic waves 1n the membrane can be achieved via exist-
ing technologies. For example, the optical waves can be
generated by a laser diode, and converted into the desired
guided mode via a combination of grating couplers, wave-
guides and integrated lenses. The acoustic waves can be
generated electromechanically via interdigital transducers
(IDTs) fabricated on piezoelectric membranes. The direc-
tions and wavelengths of the acoustic waves can be tuned by
the designs of the IDTs and the frequencies of the radio-
frequency (RF) electrical signals that drive the IDTs. In
addition, acoustic reflectors and absorbers can also be incor-
porated to manipulate the acoustic waves.

Possible materials of the membranes include lithium
niobate (LINbO, or LN), aluminum mitride (AIN), zinc oxide

(Zn0), silicon (S51) and silicon dioxide (S10,). By varying
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the materials and the thicknesses of the membranes, the
device performance can be further fine-tuned and optimized.
For example, with a membrane of a single material sus-
pended 1n air, due to the mirror symmetry of such a structure,
the emitted optical beams may go equally into both the upper
and lower sides of the membrane, which 1s undesirable 1f
single-sided beam emission 1s preferred. In contrast, a stack
of LN and S10, membranes can break the mirror symmetry,
due to their different optical and acoustic properties, and
suppress the optical emission mto the undesired side of the
device. The devices can be fabricated with standard nano-
fabrication processes, such as those described 1n.

FIG. 2A shows an exemplary device 200 configuration,
which 1s capable of steering the optical beam in 1D. As
shown, the device 200 includes a first acousto-optic layer
202 having a substantially planar shape defining an x-y
plane; a light source 204 optically coupled to the first
acousto-optic layer 202 and configured to deliver light, 1n
the form of a gwmded optical wave 220, into the first
acousto-optic layer 202 propagating in the x-y plane; and a
first acoustic source 206 acoustically coupled to the first
acousto-optic layer 202 and configured to deliver a first
acoustic energy into the first acousto-optic layer 202 propa-
gating in the x-y plane.

In the illustrated embodiment, the first acousto-optic layer
202 1s shown to function as an optical waveguide to optical
waves propagating in the x-y plane, and as an acoustic
waveguide to acoustic waves propagating in the x-y plane.
The first acousto-optic layer 202 1s further shown to have an
asymmetry about the x-y plane and a front face 238 and a
back face 240 both oriented within the x-y plane. As
discussed further herein, such asymmetry 1s suitable to
selectively emit the light from the front face 238 of the first
acousto-optic layer 202. In an embodiment, the first acousto-
optic layer 202 includes thin membrane, or a stack of thin
membranes 222 and 224, such as of nanoscale thickness,
configured to guide both optical and acoustic waves propa-
gating in the x-y plane of the device 200.

As above, the device 200 includes a light source 204
optically coupled to the first acousto-optic layer 202. In this
regard, the light source 204 1s configured to deliver light into
the first acousto-optic layer 202 propagating 1n the x-y plane,
such as to the intersection 242 discussed further herein. In an
embodiment, the light source 204 1s configured to emit light
in a visible wavelength range, such as between about 400 nm
and about 700 nm. In an embodiment, the light source 204
1s configured to emit light 1n a non-visible wavelength range,
such as 1n an 1nfrared range (e.g. between about 700 nm and
about 1 micron, in an ultraviolet wavelength range (such as
between about 10 nm and about 400 nm), and/or microwave
clectromagnetic radiation. In an embodiment, the light
source 204 includes a laser diode. In an embodiment, the
light source 204 1s optional.

In the illustrated embodiment, the device 200 further
includes a lens 208 integrated into the first acousto-optic
layer 202 positioned and configured to direct light 1n the first
acousto-optic layer 202. In an embodiment, the lens 208 1s
configured to substantially collimate the light. As shown, the
lens 208 1s optically coupled to a channel waveguide 210
optically coupled to the light source 204, such that light
emitted from the light source 204 1s directed into the first
acousto-optic layer 202. Such a waveguide 210 positioned to
receive light from the light source 204 and direct light
emitted from the light source 204 to the lens 208.

As above, the device 200 further includes a first acoustic
source 206 acoustically coupled to the first acousto-optic
layer 202. The first acoustic source 206 1s configured to
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deliver a first acoustic energy into the first acousto-optic
layer 202 propagating in the x-y plane, the first acoustic
source 206 configured to adjust a wavelength of the first
acoustic energy. In the illustrated embodiment, the first
acoustic source 206 1s an interdigital transducer 214. While
interdigital transducers are shown, i1t will be understood that
other forms of acoustic sources 206 are possible and within
the scope of the present disclosure.

In the 1illustrated embodiment, the first acoustic source
206 1s shown to further include an edge retlector 216. As
shown, the edge reflector 216 1s positioned to reflect a
portion of the first acoustic energy, 1n the form of a guided
acoustic wave 218, from mitially traveling away from the
intersection 242 to traveling toward the intersection 242. In
this regard, the edge reflector 216 1s positioned to increase
an amount of acoustic energy toward the intersection 242.

As above, the light source 204 and the first acoustic
source 206 are positioned to provide an intersection 242
between the light and the first acoustic energy. In this regard,
device 200 1s configured to at least partially scatter light
from the tersection 242 out of the x-y plane. In an
embodiment, an angle of emission of the light, 1n the form
ol a steered optical beam 212, from the front face 238 is
adjustable by tuning the wavelength of the first acoustic
energy, as discussed further herein with respect to FIG. 2B.
In an embodiment, the first acoustic source 206 1s configured
and positioned to provide wavelengths and propagation
directions sufficient to satisiy the phase-matching condition
ol acousto-optic Brillouin scattering, thereby scattering the
light out of the x-y plane. As used herein, such “Brillouin
scattering” refers to the scattering ol optical waves by
acoustic waves via the acousto-optic eflect. In an embodi-
ment, the light emerging from the front face 238 in an
amount that 1s at least 1% greater (such as greater than 50%,
100%, 500%, 1000%, or more) than the amount emerging
from the back face 240 due to the asymmetry of the first
acousto-optic layer 202.

The first acousto-optic layer 202 1s shown to include two
stacked layers 222 and 224 having a first layer 222 of a first
acousto-optic material and a second layer 224 of a second
acousto-optic material that 1s different than the first acousto-
optic material. In an embodiment, the first or second
acousto-optic material are selected from the group consist-
ing of lithium niobate, aluminum nitride, zinc oxide, silicon,
and silicon dioxide. In an embodiment, each of the at least
two stacked layers 222 and 224 can have a thickness of
between 1 nanometer and 1 micrometer. In an embodiment,
the at least two stacked layers 222 and 224 can include a
plurality of alternating stacked layers alternating between
the first acousto-optic material and the second acousto-optic
material.

In an embodiment, the first acousto-optic layer 202 1s
suspended. In an embodiment, the first acousto-optic layer
202 1s afhixed to a substrate (not shown) via the back face
240. In an embodiment, the substrate 1s thermally conduc-
tive. In an embodiment, the substrate 1s non-reflective.

By varying the materials and the thicknesses of the
acousto-optic layer 202, the device 200 performance can be
turther fine-tuned and enhanced. For example, with a mem-
brane of a single material suspended 1n air, due to the mirror
symmetry of such a structure, the emitted optical beams may
g0 equally mnto both the upper and lower sides of the
membrane, which 1s undesirable 11 single-sided beam emis-
s1on 1s preferred. In contrast, a stack of, for example, LN and
S10, membranes can break the mirror symmetry, due to their
different optical and acoustic properties, and suppress the
optical emission nto the undesired side of the device 200.
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In operation of the device 200 and as shown, the optical
wave diverges from the end of the channel optical wave-
guide 210 on the left side of the device 200, and 1s colli-
mated by the integrated lens 208. The collimated optical
wave propagates 1n the +x direction as a guided mode of the
suspended membrane. Meanwhile, the acoustic wave
excited by the acoustic source 206 (as shown the IDT 214)
on the right side of the device 200 propagates 1n the —x
direction, also as a guided mode of the suspended mem-
brane. The edge reflector 216 at the backend of the IDT 214
1s used to achieve umidirectional acoustic wave excitation
and, consequently, double the IDT 214 efliciency. In the
center part of the device 200, such as at the intersection 242,
the optical wave 1s scattered by the acoustic wave and
emitted into the upper free space. (The emission into the
lower free space 1s 1gnored here to facilitate the explanation
of the basic operation principles.) The wave vector diagram
of the Brnllouin scattering process 1s shown in FIG. 2B,
which correspond to two cases with different emission
directions. The free-space optical, guided optical, guided
acoustic wave vectors are denoted as k ,, k., and k_,
respectively, while the vector sum of k_, and k , 1s denoted as
k_.. As long as the magnitude of k__ 1s smaller than the
magnitude of k_,, emission into free space can occur, and the
direction of k_,, 1s such that 1its projection 1n the x-y plane
equals k_.. Therefore, by simply varying the frequency of
the acoustic wave, hence varying the magnitude of k , the
direction of the emitted optical beam can be steered 1n 1D.

To estimate the frequency of the acoustic wave required
to achieve beam steering, it suflices to consider the exem-
plary device 200 configuration for 1D beam steering, shown

in FIG. 2A. Here the magnitudes ol k ., k_., k_, and k__ are
denoted as k_,, k_., k , and k

s ., Tespectively. As dlscussed
above, as long as km <k ., emission into free space can
occur, and the direction of k_, 1s such that 1ts projection 1n
the x-y plane equals k__. Therefore, the angle between k_|,
and k_., denoted as 0, can be expressed as:

o7

0 = kﬂf_kﬂ_ 1//101'_1//1-:1_ l/lm_fa/ca
= arccos kDD = arccos l/lﬂﬂ = arccos 1//100
where A_,, A_,, and A are the respective wavelengths,

while T and ¢ are the frequency and phase velocity of the
acoustic wave, respectively. Consider a representative case
where telecommunication laser and a suspended 330-nm-
thick MN membrane are used, so that A_,~1.5 pm, A_=~1.0
um, and ¢ _~10 km/s. When 0=0°, 90° and 180° the
respective solutlons to the above equation are { ~3.3 GHz,
10.0 GHz, and 16.7 GHz, with A_=~3.0 um, 1.0 um, and 0.60
um. Consequently, the electrical 31gnals that drive the IDTs
to generate such acoustic waves are at the same frequencies,
which generally fall in the microwave frequency range
between 1 GHz and 20 GHz. In practice, the IDT center
frequency and bandwidth determine the range of 0, hence
the FOV, which generally cannot reach the full 0° to 180°.
The arguments above can be generalized to the exemplary
device 200 configuration for 2D beam steering, shown 1n
FIG. 3A.

In an embodiment, the devices of the present disclosure
include two or more acoustic sources. In that regard, atten-
tion 1s directed to FIG. 3A, which shows another exemplary
device 300 1n accordance with an embodiment of the dis-
closure, that 1s capable of steering an emitted optical beam

in 2D.
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In the illustrated embodiment, the device 300 1s shown to
include a first acousto-optic layer 302 having a substantially
planar shape defining an x-y plane; a light source 304
optically coupled to the first acousto-optic layer 302 and
configured to deliver light, 1n the form of a gmded optical
wave 320, mnto the first acousto-optic layer 302 propagating
in the x-y plane; and a first acoustic source 306 and a second
acoustic source 326 acoustically coupled to the first acousto-
optic layer 302 and configured to deliver a first acoustic
energy and a second acoustic energy, respectively, into the
first acousto-optic layer 302 propagating 1n the x-y plane.

In the illustrated embodiment, the first acousto-optic layer
302 1s shown to function as an optical waveguide to guided
optical waves 320 propagating in the x-y plane, and as an
acoustic waveguide to guided acoustic waves 318 propagat-
ing in the x-y plane. The first acousto-optic layer 302 1is
turther shown to have an asymmetry about the x-y plane and
a front face 338 and a back face 340 both oriented within the
X-y plane.

As above, the device 300 includes a light source 304
optically coupled to the first acousto-optic layer 302. In this
regard, the light source 304 1s configured to deliver light into
the first acousto-optic layer 302 propagating 1n the x-y plane,
such as to the intersection 342 discussed further herein. In an
embodiment, the light source 304 1s configured to emait light
in a visible wavelength range, such as between about 400 nm
and about 700 nm. In an embodiment, the light source 304
1s configured to emit light 1n a non-visible wavelength range,
such as 1n an infrared range (e.g. between about 700 nm and
about 1 micron, 1n an ultraviolet wavelength range (such as
between about 10 nm and about 400 nm), and/or microwave
clectromagnetic radiation.

In the illustrated embodiment, the device 300 further
includes a lens 308 integrated into the first acousto-optic
layer 302 positioned and configured to direct light 1n the first
acousto-optic layer 302. In an embodiment, the lens 308 1s
configured to substantially collimate the light. As shown, the
lens 308 1s optically coupled to a channel waveguide 310
optically coupled to the light source 304, such that light
emitted from the light source 304 1s directed into the first
acousto-optic layer 302. The device 300 1s shown to further
include a waveguide 210 positioned to receive light from the
light source 304 and configured to emit the light for receipt
by the lens 308.

As above, the device 300 further includes a first acoustic
source 306 and a second acoustic source 326 each acousti-
cally coupled to the first acousto-optic layer 302. The first
acoustic source 306 and the second acoustic source 326 are
configured to deliver a first acoustic energy and a second
acoustic energy, respectively, into the first acousto-optic
layer 302 propagating 1n the x-y plane. In an embodiment,
the first acoustic source 306 and the second acoustic source
326 are configured to adjust a wavelength of the first
acoustic energy and second acoustic energy, respectively. In
the 1llustrated embodiment, the first acoustic source 306 and
second acoustic source 326 are interdigital transducers 314
and 328.

As shown, the second acoustic source 326 1s positioned to
deliver the second acoustic energy to the intersection 342,
thereby providing the mtersection 342 between the light, the
first acoustic energy, and the second acoustic energy. In an
embodiment, the second acoustic source 326 comprises
second 1interdigital transducer 328 disposed on a second
piezoelectric membrane.

In the illustrated embodiment, the first acoustic source
306 and the second acoustic source 326 each respectively
include edge reflectors 316 and 330. As discussed further
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herein with respect to FIG. 2A, such edge reflectors 316 and
330 are configured and positioned to retlect a portion of the
first and second acoustic energy, respectively, from mnitially
traveling away from the mtersection 342 to traveling toward
the intersection 342.

As above, the light source 304, the first acoustic source
306, and the second acoustic source 326 are positioned to
provide an intersection 342 between the light and the first
acoustic energy. In this regard, device 300 1s configured to
at least partially scatter light from the 1ntersection 342 out of
the x-y plane. In an embodiment, an angle of emission of the
light, 1n the form of a steered optical beam 312, from the
front face 1s adjustable by tuning the wavelength of the first
acoustic energy and the second acoustic energy, as discussed
further herein with respect to FIG. 3B. In an embodiment,
the first and second acoustic sources 306 and 326 are
configured and positioned to provide wavelengths and
propagation directions suilicient to satisty the phase-match-
ing condition ol acousto-optic Brillouin scattering, thereby
scattering the light out of the x-y plane. In an embodiment,
the light emerging from the front face 338 in an amount that
1s at least 1% greater (such as greater than 50%, 100%.,
500%, 1000%, or more) than the amount emerging from the
back face 340 due to the asymmetry of the first acousto-optic
layer 302.

The first acousto-optic layer 302 1s shown to include two
stacked layers 322 and 324 having a first layer 322 of a first
acousto-optic material and a second layer 324 of a second
acousto-optic material that 1s different than the first acousto-
optic material. In an embodiment, the first or second
acousto-optic materials are selected from the group consist-
ing of lithium niobate, aluminum nitride, zinc oxide, silicon,
and silicon dioxide. In an embodiment, each of the at least
two stacked layers 322 and 324 can have a thickness of
between 1 nanometer and 1 micrometer. In an embodiment,
the at least two stacked layers 322 and 324 can include a
plurality of alternating stacked layers alternating between
the first acousto-optic material and the second acousto-optic
material.

In an embodiment, the first acousto-optic layer 302 1s
suspended. In an embodiment, the first acousto-optic layer
302 1s aflixed to a substrate via the back face 340 (not
shown). In an embodiment, the substrate 1s thermally con-
ductive. In an embodiment, the substrate 1s non-reflective.

Operation of device 300 i1s schematically illustrated 1n
FIG. 3B. As shown, two guided acoustic waves are excited
by the two acoustic sources 306 and 326 (as shown, 1nclud-
ing the two IDTs 314 and 328) on the night side of the device
300, and propagate 1n the directions that are +60° and —60°
with respect to the —x direction. As shown 1n FIG. 3B, the
two guided acoustic wave vectors are denoted ask_, and k_,,
and k__ now denotes the vector sum of k .,k _, and k_,. The
shaded area represents the range within which k__ can be
varied by independently varying the magnitudes of k_, and
k .. Similar to the case shown in FIG. 2B, as long as the
magnitude of k__ 1s smaller than the magnitude of k_,,
emission 1nto free space can occur, and the direction of k_,
1s such that its projection 1n the x-y plane equals k..
Theretfore, by independently varying the frequencies of the
two acoustic waves, hence independently varying the mag-
nitudes of k_, and k_,, the direction of the emitted optical
beam can be steered 1n 2D.

FIGS. 4A-4C show respectively a schematic illustration,
an optical microscope 1image, and scanning electron micro-
scope (SEM) images of a device 400 1n accordance with an
embodiment of the disclosure. As shown, the device 400
includes a first acousto-optic layer 402 having a substan-
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tially planar shape defining an x-y plane shaped to receive
input light 432 from a light source optically coupled to the
first acousto-optic layer 402 and configured to deliver light
432 1nto the first acousto-optic layer 402 propagating in the
x-y plane, and a first acoustic source 406, including inter-
digital electrode 414 and edge retlector 416, acoustically
coupled to the first acousto-optic layer 402 and configured to
deliver a first acoustic energy 418 1nto the first acousto-optic
layer 402 propagating in the x-y plane. In operation, mput
light 432 and acoustic energy from {irst acoustic source 402
interact to scatter light, resulting transmitted light 434 and
deflected light 436, such as according to the principles
discussed further herein with respect to FIGS. 2B and 3B.

In the illustrated embodiment, the first acousto-optic layer
402 1s a suspended 330-nm-thick MN membrane. As shown
in FIG. 4A, the first acousto-optic layer 402 includes 4
channel optical waveguides, 4 integrated lenses, a first
acoustic source 406 including an IDT 414 and an edge
reflector 416. In an embodiment, these components are the
same as, similar to, or analogous to components discussed
turther herem with respect to FIGS. 2A, 2B, 3A, and 3B. The

channel optical waveguides and the integrated lenses were
shallow etched into the AIN membrane. The IDT 414 was

formed by metal deposition on top of the AIN membrane.
The acoustic reflector 416 was through-etched into the AIN
membrane.

Various existing technologies will now be described for
comparison with the devices of the present disclosure.

Mechanical LIDAR 1s a highly matured technology based
on mechanical beam steering, and has been widely deployed
on autonomous vehicles and drones. A vertical linear array
of lasers 1s mounted on a rotating stage to achieve 2D
LIDAR operations. Although the rotating stage can provide
horizontal FOV up to a full 360°, the maximum rotation
frequency of the stage 1s only 20 Hz.

MEMS LIDAR provides an intrinsically slow steering
velocity. The itegrated AO solution of the present disclo-
sure features much higher steering velocity than conven-
tional MEMS solutions, which are intrinsically slow. The
devices of the present disclosure also provide 2D random
access capability, while conventional MEMS solutions can
only operate 1n raster scanning mode. Flash LIDAR does not
involve beam steering, but provides a combination of all the
desired features for LIDAR, except that the resolution 1is
intrinsically very low, due to the difliculties 1n scaling up.
High resolution 1s required in many important applications,
which our solution can achieve with moderate cost.
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Electro-optic liguid-crystal LIDAR combines two difler-
ent EO LC technologies, namely Steerable Electro-Evanes-

cent Optical Refractors (SEEORS) and polarization gratings
(PGs). SEEOR features a large horizontal FOV, up to 120°,

which has never been achieved using EO or AO Solutions.
The power consumption for this solution 1s also very low.
However, the vertical FOV of SEEOR 1s only less than 20°.
To 1increase the vertical FOV, PGs and other free-space
optical components are installed in front of the SEEOR to
provide further beam steering 1n discrete steps, increasing,
the vertical FOV to 120°. In contrast, the devices of the

present disclosure naturally provide 2D steering capability
with large FOV 1n both dimensions, without the need for
extra free-space optical components.

TO optical phased array (OPA) have been previously
described. Currently, the TO OPA operation requires an
expensive tunable laser and high-power consumption to
achieve 2D beam steering, while the devices of the present
disclosure are much less expensive and consume much less
power.

EO/TO OPA solutions have been previously described.
The operation principles of this EOQ/TO OPA solution are
very similar to those of the TO OPA solution developed by
Analog Photonics mentioned above. Both OPA solutions
currently require high power consumption to achieve 2D
beam steering. Especially, this OPA even requires water
cooling to operate. This solution aims at the full integration
of all the LIDAR components on the silicon chip, including
the tunable lasers. The performance and tuning range of the
integrated tunable lasers are currently not as good as an
external off-the-shelf tunable laser source, but 1s much less
expensive. Both OPA solutions sufler from the presence of
side lobes, which are the optical emission mto directions
other than the desired one, while the devices of the present
disclosure can completely avoid the side lobes. The device
control of this OPA solution 1s very complicated and scales
linearly with the array size, while the device control of our
AQO solution 1s elegant and straightforward. This OPA solu-
tion features an integrated lens and a photodiode array,
which can provide real-time feedback for the beam steering
angle 1n 1D. Meanwhile, 1n the AO devices of the present
disclosure, the residue optical emission 1nto the undesired
side can be used as the feedback for the beam steering angle
in 2D, which may be more advantageous.

TABLE 1 1s a comparison of the solutions described 1n the
several preceding paragraphs, as compared with the solution
described 1n the present disclosure (which 1s denoted by

EiAOE?) ‘

TABL.

(L]

1

Cc:mpariscms between different beam steering solutions

Solution

Mechanical

MEMS

Flash

EO LC

FOV, resolution and steering speed® Power

Horizontal Vertical consumption® Steering type
360° 30°~40° A few or tens of Raster scan
>(0.08° >(0.4° watts (Overallt)
<7200°/s Non-steering
60° 20° Milliwatts] Raster scan
0.25° 0.3° (Steering only)
~60,000°/s 7T, Non-steering
60° 16° A few watts Non-steering
2° 2° (Overallt)
Non-steering Non-steering
<120° <20° x 6 Milliwatts Random
~0.05° ~0.05° (Steering only) ACCESs

Millions of °/s

Millions of °/s
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TABLE 1-continued

Comparisons between different beam steering solutions

16

FOV, resolution and steering speed® Power

Solution Horizontal Vertical consumption®
TO OPA 46° 36° A few watts or
0.02° 0.02° tens of watts
No data No data (Steering only)
EO/TO OPA 23° 3.6° A few watts or
1° 0.6° tens of watts
Millions of °/st¥ No data (Steering only)
AO 60° 60° Milliwatts
0.1° 0.1° (Steering only)

Millions of “/s Millions of °/s

Steering type

Random
4CCess

Random
4CCEeSS

Random
4CCEess

*These data only reflect representative performance of the beam steering solutions. For specific performance

data, please refer to the product datasheets, if available.

tOverall power consumption of the final product includes light source and detector, beam steering, as well

as data processing and transmission.
I This 15 our estimation. Official data are not available.

Methods

In another aspect, the present disclosure provides methods
of using and making acousto-optical devices.

In an embodiment, the method 1s performed using an AO

device of the present disclosure, such as one of the devices
200, 300, and 400 described further herein with respect to
FIGS. 2A, 2B, 3A, 3B, and 4A-4C. In an embodiment, the
method includes directing light from a light source, such as
a light source of the AO device, and {first acoustic energy
from a {irst acoustic energy source, such as a {irst acoustic
energy source of the AO device, to an intersection of the AQO,
thereby 1nitiating scattering of the light causing at least a
portion of the light to emerge from a front face of the AO
device. In an embodiment, the emitted light 1s non-visible
light, such as 1s discussed further herein.
In an embodiment, the method 1ncludes directing second
acoustic energy from a second acoustic source to the inter-
section. As discussed further herein, such first and second
acoustic energy are suitable to steer the emitted light 1n one
and/or two dimensions, such as through modulation or
adjustment of a frequency of the first and second acoustic
energy. In this regard, in an embodiment, the method
includes adjusting a frequency of acoustic energy emitted
from the first acoustic source and/or the second acoustic
source, the adjust an angle of light emitted from the device.
In an embodiment, the light emitted from the light source
includes visible light. In an embodiment, the light emitted
from the light source includes non-visible light.

In an embodiment, the methods of the present disclosure
include a method of a method of making an acousto-optic
device according to any of the embodiments of the present
disclosure. In an embodiment, the method comprises fabri-
cating and/or assembling the components of the acousto-
optic device and arranging them in the fashion described 1n
the present disclosure.

The particular aspects disclosed above are illustrative
only, as the technology may be modified and practiced 1n
different but equivalent manners apparent to those skilled 1n

the art having the benefit of the teachings herein. Further-
more, no limitations are itended to the details of construc-
tion or design herein shown, other than as described 1n the
claims below. It 1s therefore evident that the particular
aspects disclosed above may be altered or modified and all
such variations are considered within the scope and spirit of
the technology. Accordingly, the protection sought herein 1s
as set forth in the claims below.
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The embodiments of the invention 1n which an exclusive

property or privilege 1s claimed are defined as follows:

1. An acousto-optic device comprising:

a first acousto-optic layer having a substantially planar
shape defining an x-y plane, the first acousto-optic
layer functioning as an optical waveguide to optical
waves propagating in the x-y plane, the first acousto-
optic layer functioning as an acoustic waveguide to
acoustic waves propagating in the x-y plane, the first
acousto-optic layer having an asymmetry about the x-y
plane, the first acousto-optic layer having a front face
and a back face both oriented within the x-y plane,
wherein the first acousto-optic layer comprises at least
two stacked layers comprising a first layer of a first
acousto-optic material and a second layer of a second
acousto-optic material that 1s different than the first
acousto-optic matenal;

a light source optically coupled to the first acousto-optic
layer and configured to deliver light into the first
acousto-optic layer propagating in the x-y plane; and

a first acoustic source acoustically coupled to the first
acousto-optic layer and configured to deliver a first
acoustic energy into the first acousto-optic layer propa-
gating 1n the x-y plane, the first acoustic source con-
figured to adjust a wavelength of the first acoustic
energy,

the light source and the first acoustic source are positioned
to provide an intersection between the light and the first
acoustic energy,

the light at least partially scattering from the intersection
out of the x-y plane, and

the light emerging from the front face 1n an amount that
1s at least 1% greater than the amount emerging from
the back face due to the asymmetry of the first acousto-
optic layer.

2. The acousto-optic device of claim 1, wherein the first

acousto-optic layer has a thickness of between 1 nanometer
and 10 micrometers.

3. The acousto-optic device of claim 1, wherein the first
acousto-optic material 1s selected from the group consisting
of lithium niobate, aluminum nitride, zinc oxide, silicon, and
silicon dioxide.

4. The acousto-optic device of claim 1, wherein the
second acousto-optic material 1s selected from the group
consisting of lithium miobate, aluminum nitride, zinc oxide,
silicon, and silicon dioxide.
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5. The acousto-optic device of claim 1, wherein each of
the at least two stacked layers has a thickness of between 1
nanometer and 1 micrometer.

6. The acousto-optic device of claim 1, wherein the at
least two stacked layers include a plurality of alternating
stacked layers alternating between the first acousto-optic
material and the second acousto-optic material.

7. The acousto-optic device of claim 1, the light emerging,
from the front face 1n an amount that 1s at least 50% greater
than the amount emerging from the back face due to the
asymmetry of the first acousto-optic layer.

8. The acousto-optic device of claim 1, wherein the first
acoustic source 1s configured and positioned to provide
wavelengths and propagation directions suflicient to satisiy
a phase-matching condition of acousto-optic Brillouin scat-
tering, thereby scattering the light out of the x-y plane.

9. The acousto-optic device of claim 1, the acousto-optic
device further comprising a lens configured to substantially
collimate the light.

10. The acousto-optic device of claim 1, wherein the first
acoustic source comprises interdigital transducers disposed
on a piezoelectric membrane.

11. The acousto-optic device of claim 10, wherein the first
acoustic source comprises an edge retlector positioned to
reflect a portion of the first acoustic energy from initially
traveling away from the intersection to traveling toward the
intersection.

12. The acousto-optic device of claim 1, wherein the first
acousto-optic layer 1s aflixed to a substrate, wherein the
substrate 1s thermally conductive, and wherein the substrate
1s non-reflective.

13. The acousto-optic device of claim 1, wherein an angle
of emission of the light from the front face 1s adjustable by
tuning the wavelength of the first acoustic energy.

14. The acousto-optic device of claim 1, the acousto-optic
device further comprising a second acoustic source acous-
tically coupled to the first acousto-optic layer and configured
to deliver a second acoustic energy into the first acousto-
optic layer propagating 1n the x-y plane, the second acoustic
source configured to adjust a wavelength of the second
acoustic energy, the second acoustic source positioned to
deliver the second acoustic energy to the intersection,
thereby providing the intersection between the light, the first
acoustic energy, and the second acoustic energy.

15. The acousto-optic device of claim 14, wherein the
second acoustic source comprises second interdigital trans-
ducers disposed on a second piezoelectric membrane.

16. The acousto-optic device of claim 14, wherein the
second acoustic source comprises a second edge retlector
positioned to retlect a portion of the second acoustic energy
from 1nitially traveling away from the intersection to trav-
cling toward the intersection.

17. The acousto-optic device of claim 14, wherein the first
and second acoustic sources can be configured and posi-
tioned to provide wavelengths and propagation directions
suilicient to satisiy the phase-matching condition of acousto-
optic Brillowin scattering, thereby scattering the light out of
the x-y plane.

18. A method of using the acousto-optic device of claim
1, the method comprising;:

directing the light from the light source and the first

acoustic energy from the first acoustic energy source to
the intersection, thereby nitiating scattering of the light
causing the at least a portion of the light to emerge from
the front face.
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19. An acousto-optic device comprising:

a first acousto-optic layer having a substantially planar
shape defining an x-y plane, the first acousto-optic
layer functioning as an optical waveguide to optical
waves propagating 1n the x-y plane, the first acousto-
optic layer functioning as an acoustic waveguide to
acoustic waves propagating in the x-y plane, the first
acousto-optic layer having an asymmetry about the x-y
plane, the first acousto-optic layer having a front face
and a back face both oniented within the x-y plane;

a light source optically coupled to the first acousto-optic
layer and configured to deliver light into the first
acousto-optic layer propagating in the x-y plane;

a lens configured to substantially collimate the light; and

a first acoustic source acoustically coupled to the first
acousto-optic layer and configured to deliver a first
acoustic energy nto the first acousto-optic layer propa-
gating 1n the x-y plane, the first acoustic source con-
figured to adjust a wavelength of the first acoustic
energy,

the light source and the first acoustic source are positioned
to provide an intersection between the light and the first
acoustic energy,

the light at least partially scattering from the intersection
out of the x-y plane, and

the light emerging from the front face in an amount that
1s at least 1% greater than the amount emerging {rom
the back face due to the asymmetry of the first acousto-
optic layer.

20. An acousto-optic device comprising;

a first acousto-optic layer having a substantially planar
shape defining an x-y plane, the first acousto-optic
layer functioning as an optical waveguide to optical
waves propagating in the x-y plane, the first acousto-
optic layer functioning as an acoustic waveguide to
acoustic waves propagating in the x-y plane, the first
acousto-optic layer having an asymmetry about the x-y
plane, the first acousto-optic layer having a front face
and a back face both oriented within the x-y plane;

a light source optically coupled to the first acousto-optic
layer and configured to deliver light into the first
acousto-optic layer propagating in the x-y plane;

a first acoustic source acoustically coupled to the first
acousto-optic layer and configured to deliver a first
acoustic energy into the first acousto-optic layer propa-
gating 1n the x-y plane, the first acoustic source con-
figured to adjust a wavelength of the first acoustic
energy; and

a second acoustic source acoustically coupled to the first
acousto-optic layer and configured to deliver a second
acoustic energy 1nto the first acousto-optic layer propa-
gating in the x-y plane, the second acoustic source
configured to adjust a wavelength of the second acous-
tic energy, the second acoustic source positioned to
deliver the second acoustic energy to the intersection,
thereby providing the intersection between the light,
the first acoustic energy, and the second acoustic
energy,

the light source and the first acoustic source are positioned
to provide an intersection between the light and the first
acoustic energy,

the light at least partially scattering from the intersection
out of the x-y plane, and

the light emerging from the front face in an amount that
1s at least 1% greater than the amount emerging from
the back face due to the asymmetry of the first acousto-

optic layer.
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